Electrocatalytic water splitting is an efficient route to generate renewable energy sources, in which the noble metal materials are usually used as electrocatalysts. But the high price and scarcity of these catalysts impede their large-scale applications. Ni-based materials are considered to be the most suitable catalytic materials to substitute these noble metal materials. In this paper, the monodispersed α-Ni(OH) 2 microspheres assembled by ultrathin nanosheets were synthesized by a facile solvothermal method. This method was surfactant-free and no precipitator was used. The as-obtained products were well-characterized by X-ray diffraction (XRD), field emission scanning electron microscope (FESEM), transmission electron microscope (TEM), thermal gravimetric (TG) analysis, and X-ray photoelectron spectroscopy (XPS). The results of N 2 adsorption/desorption isotherm indicate that the BET surface area of the products was 169.94 m 2 g −1 , and the pore-size distribution centered at 3.5 nm. Then, the electrochemical properties were evaluated by linear sweep voltammetry (LSV) in 1 M KOH. At a current density of 10 mA cm 2 , the overpotential for the α-Ni(OH) 2 -MS is 320 mV, and the Tafel slope is 98.7 mV dec −1 , indicating its excellent reaction kinetics for an efficient catalyst toward oxygen evolution reaction (OER).
INTRODUCTION
The depletion of fossil energy has caused many serious environmental problems, such as air pollution and greenhouse effect (Dou et al., 2016; Tahir et al., 2017) . Therefore, the exploitation of environment-friendly renewable energy is very crucial to resolve this global energy predicament (Alarawi et al., 2019; Sun et al., 2019; Wang et al., 2019) . Hydrogen, as a clean and pollution-free energy, is considered to be the most promising alternative energy resource (Midilli and Dincer, 2008; McCrory et al., 2015; Du et al., 2018; Xie et al., 2018) . To date, electrocatalytic and photocatalytic water splitting are two main methods for hydrogen production Roger et al., 2017; Kim et al., 2018; Kadi and Mohamed, 2019) . Considering the low efficiency of photocatalytic water splitting, electrocatalytic water splitting possesses its advantage to produce hydrogen.
As is well-known, the electrocatalytic water splitting includes two half reactions, the oxygen evolution reaction (OER) at anode and the hydrogen evolution reaction (HER) at cathode (Yang et al., 2015; Masa et al., 2016; Guo et al., 2017; Suen et al., 2017; Rakov et al., 2018) . However, water splitting for hydrogen generation is mainly limited by the OER, because it is a multistep proton-coupled election transfer process, which needs a high overpotential to overcome the large energy barrier (Man et al., 2011) . At present, the noble metal-based materials, such as IrO 2 and RuO 2 , are the commonly used electrocatalysts for OER. But the high price and scarcity of these catalysts impede their large-scale applications (Petrykin et al., 2010; Reier et al., 2012; McCrory et al., 2013) .
Recently, the first-row transition catalysts, such as Ni-, Fe-, Co-, Cu-, Mn-based materials, have been used to be the possible alternatives, not only because of their abundant reserves in the earth but also their inexpensive nature compared with the novel metals (Du and Eisenberg, 2012; Gong et al., 2013; Dou et al., 2016; Krehula et al., 2018; Liu et al., 2019) . The previous reports have pointed out that Ni-based materials have a large potential as the OER catalysts for water splitting and are regarded as one type of excellent electrocatalysts (Subbaraman et al., 2012) . In general, there are several strategies to improve the OER activity of Ni-based catalysts. The first strategy is to introduce other elements to form multi-metallic materials, such as Ni-Co (Zhao et al., 2014; Liu et al., 2015; Peng et al., 2015; Li et al., 2016) , Ni-Fe (Gong et al., 2013; Qiu et al., 2014; Gong and Dai, 2015; Ma et al., 2015; Yu et al., 2015; Jia et al., 2017) , Ni-Mn (Cordoba et al., 1986; Menezes et al., 2015; Sumboja et al., 2017) , Ni-CoFe (Yan et al., 2017) , and so on, in which the coordination of different elements could provide more oxidation states as well as redox active sites. Some of these Ni-based materials have been employed as bifunctional catalysts for the OER and ORR in alkaline medium. But, in these materials, there is a difficulty to control the repeatability and the ratio of elements. The second one is to prepare metal decorated Ni-based materials or design a composite structure (Jia et al., 2017; Sun et al., 2019; Zhai et al., 2019) . The third one is to synthesis Ni-based sulfides, phosphides, and selenides materials, such as Ni-S, Ni-P, and Ni-Se, which have also been reported as efficient electrocatalysts for OER (Anantharaj et al., 2016; Dong et al., 2016; Li et al., 2017; Chen et al., 2018) . But, as we all know, the processes of decoration, sulfuration, or phosphorization are complicated and sensitive to the temperature and treating time. Another strategy is to control the morphologies through the changes of solvents, surfactants, reaction conditions, and preparation methods, etc. (Ouyang et al., 2015; Qi et al., 2015; Shi and Zhang, 2016) . Among these Ni-based materials, Ni(OH) 2 OER catalysts with various morphologies have been used as the promising electrochemical materials (Aghazadeh et al., 2011; Lee et al., 2011b; Anantharaj et al., 2017) . Ni(OH) 2 has two phases: α-and β-Ni(OH) 2 . It is environmentally friendly and inexpensive. Gao et al. (2014) prepared hollow sphered α-Ni(OH) 2 nanoparticles by a solvothermal route with oleylamine as surfactant, and found that the α-Ni(OH) 2 nanoparticles displayed superior OER activity to the β-Ni(OH) 2 nanoplates. Then, (Stern and Hu, 2014) synthesized β-Ni(OH) 2 nanoparticles with different morphologies by a coprecipitation method using NaOH as a precipitator and realized a lower overpotential of 300 mV. In addition, Niu et al. (2017) grew β-Ni(OH) 2 nanoplate array directly on NiAl foil and the resulting Ni(OH) 2 /NiAl electrode showed higher OER electrocatalytic activity. In comparison to β-Ni(OH) 2 , α-Ni(OH) 2 catalysts demonstrate higher activity during OER, ascribed to their large interlayer spaces and unique redox characteristics. Moreover, α-Ni(OH) 2 transforms to γ -NiOOH in the electrochemical process, and the α-Ni(OH) 2 /γ -NiOOH pairs can deliver more electrons than β-Ni(OH) 2 /β-NiOOH (Tong et al., 2012) . Therefore, the α-Ni(OH) 2 usually shows better electrochemical performance than β-Ni(OH) 2 . Although there are some reports on the use of Ni(OH) 2 catalysts with varied morphologies via different synthesis methods for the OER, the related research on the α-Ni(OH) 2 are comparatively weak. Usually, urea is widely used as precipitator to synthesis α-Ni(OH) 2 because of its relatively mild hydrolytic process, which can provide an alkaline environment and is favorable to formation of product (Jeevanandam et al., 2001; Yan et al., 2012; Wang Q. et al., 2015; Wang D. et al., 2018) . But, it is still a challenge to develop a facile one-step, low-cost and mild route for the synthesis of α-Ni(OH) 2 without using urea as precipitator.
In this paper, the monodispersed α-Ni(OH) 2 microspheres assembled by ultrathin nanosheets were synthesized by a facile solvothermal method. This method was surfactantfree and no precipitator was used, such as urea, indicating an efficient and low-cost process. The as-obtained products were well-characterized by x-ray diffraction (XRD), field emission scanning electron microscope (FESEM), and transmission electron microscope (TEM). The LSV test shows a small overpotential of 320 mV at the current density of 10 mA cm −2 with a smaller Tafel slope of 98.7 mV dec −1 . This study presents a simple and economical method to synthesize high performance non-noble electrocatalysts for OER and thus is significant for the development of water splitting.
EXPERIMENTAL SECTION
Synthesis of α-Ni(OH) 2 All chemicals were of analytical grade and used without any further purification. The α-Ni(OH) 2 was synthesized by a simple solvothermal method. In a typical synthesis case, 0.2377 g of NiCl 2 ·6H 2 O was dissolved in mixed solvents of 30 ml alcohol and 10 ml ethylene glycol (EG) and stirred for 30 min at room temperature. Then, the resulting solution was transferred into a 100 ml Teflon-lined stainless steel autoclave. The autoclave was sealed and heated at 170 • C for 24 h. After the autoclave cooled down to room temperature naturally, the Ni(OH) 2 suspension was centrifuged and washed with deionized water and alcohol several times. Finally, the obtained Ni(OH) 2 was dried in a vacuum oven at 60 • C overnight. Hereinafter, we call this mixed solvothermal synthesized Ni(OH) 2 as α-Ni(OH) 2 -MS. For comparison, we also synthesized another sample with only EG as the solvent, which was denoted as α-Ni(OH) 2 -EG.
Characterization
Powder x-ray diffraction (XRD) patterns of the samples were obtained with a PANalytical Empyrean x-ray diffractometer in the diffraction 2θ angle range from 5 to 80 • using Cu Kα radiation (λ = 1.5418 Å). Field emission scanning electron microscopy (FESEM, JEOLJSM-S4800) and transmission electron microscopy (TEM, JEM-2100) were used to characterize the morphologies of the sample. The X-ray energy dispersive spectroscopy (EDS) and EDS elemental mapping were performed with an EDS detector equipped in the JEM-2100 TEM. The surface elemental information was determined by high-resolution X-ray photoelectron spectroscopy (XPS, ESCALAB-250Xi, Thermo Fisher Scientific) with monochromatic Al-anode x-ray source (Al K α hv = 1486.6 eV). The specific surface area and the pore size distribution of samples were obtained from a N 2 adsorption/desorption analysis performed at 77 K on a Micromeritics TriStar II 3020 system. The specific surface area was calculated by the Barrett-JoynerHalenda (BJH) method, and the pore size distribution was obtained from the adsorption branch of the isotherms by the BJH method. The wetting property of the samples was investigated by water contact angle measurement (JC2000C1, Zhongchen Instrument).
Electrochemical Measurements
All the electrochemical measurements were performed on a CHI-760E electrochemical workstation using a standard threeelectrode system, with the Ni(OH) 2 catalysis loaded on the Ni foam (NF) as the working electrode, a Pt foil as the counter electrode, and Ag/AgCl electrode as reference electrode. The working electrode was prepared as follows. The NF with a size of 2 cm × 1 cm × 1 mm was initially soaked with 3M HCL solution in an ultrasonic bath for 30 min to remove impurities and oxide layer adhered to it. Then, it was washed by deionized water and ethanol. Finally, it was dried several hours at 60 • C under vacuum. Three milligram Ni(OH) 2 was ultrasonically dispersed into the mixture of 1 mL ethanol and Nafion (0.5 wt.%, 30 µL) to form a homogeneous ink, which was then dropped onto the above NF by pipette. The typical catalyst loading amount was about 0.3 mg cm −2 . During electrochemical test, 1M KOH (pH = 13.6) solution was employed as the electrolyte. All potentials measured were calibrated to the reversible hydrogen electrode (RHE) scale by the relationship:
Before the experiments, all the electrodes were cycled at a scan rate of 50 mV s −1 until stable cyclic voltammetry (CV) profiles were recorded. The LSV curves of the samples were recorded at a scan rate of 5 mV s −1 . Electrochemical impedance spectra (EIS)
Frontiers in Materials | www.frontiersin.orgmeasurements were carried out at 0.5 V (vs. RHE) from 100 kHz to 0.01 Hz. All data were obtained without iR-compensation. Figure 1a shows the XRD pattern of the synthesized α-Ni(OH) 2 -MS product. All the reflection peaks in the XRD pattern can be indexed to rhombohedral α-Ni(OH) 2 (JCPDS No. 38-0175, α-Ni(OH) 2 ·0.75H 2 O). The four characteristic peaks located at 10. 73, 22.87, 33.85, and 60.21 • correspond to the (003), (006), (101), and (110) diffraction planes, respectively. As we all know, α-Ni(OH) 2 has a hydrotalcite-like structure comprised of random stacked Ni(OH) 2 layers along the c-axis intercalated with water and/or anion, as shown in Figure 1b . The asymmetric diffraction peak appearing in the 2θ range of 33.5-34.5 • is characteristic of the turbostratic disorder in the α-Ni(OH) 2 layered structures. This phenomenon can be explained by that the hydrotalcite -like layers Ni(OH) 2 stacked along the c-axis that randomly twist to each other. This turbostratic disorder has also been observed in many other α-Ni(OH) 2 samples (Cheng and Hwang, 2009; Lee et al., 2011b) . Noteworthily, compared with the standard PDF card, all corresponding peaks move to the lower angle side slightly, suggesting an increase of the d spacing along the c-axis, because the basal spacing can be altered by changing the species and quantities intercalated in the interlayer galleries. In our case, these shifts are related to the different composition, i.e., the different amount of water molecules and the presence of Cl − ions in our sample. Moreover, the broad diffraction peaks can also be ascribed to the inhomogeneous distribution of Cl − ions and water molecules in the layered structure. The morphology and structure of α-Ni(OH) 2 -MS composite were characterized by FESEM. Figure 1c clearly shows that the sample is composed of many monodispersed microspheres with a diameter of several µm. The surface is not smooth and many flakes can be seen, as shown in Figure 1d . A high-magnification SEM micrography, as shown in Figure 1e , illustrates that these spheres are assembled by many uniform curly nanosheets. These nanosheets with a thickness of about 20 nm, as shown by the white arrows in Figure 1e , were connected to each other to form the 3D microsphere hierarchical structure.
RESULTS AND DISCUSSION
Figures 2a-c shows TEM images of α-Ni(OH) 2 -MS at different magnifications. Hierarchical morphology was clearly observed, which was well-matched with the SEM images. The spheres seem to be composed of many nanowires at first sight, as shown in Figures 2a,b . But, after careful observation, we realize that it is just the edges of the ultrathin nanosheets parallel to our sight line. The high magnification TEM image further confirms that numerous, very thin nanosheet structures with irregular shapes gathered and formed the hierarchical spheres. In Figure 2d , the lattice fringes were determined to be 3.88 and 2.65 Å, which match the spaces of the (006) and (101) To further confirm the surface properties of α-Ni(OH) 2 -MS microsphere, the sample was examined by Fourier transform infrared (FTIR) spectroscopy in the range of 400-4,000 cm −1 and the result is shown in Figure S1 . The typically broad band around 3,406 cm −1 corresponds to the O-H stretching vibration of the hydrogen-bounded hydroxyl groups and interlayered water molecules located in the brucite-like layer . The band around 1,627 cm −1 can be assigned to the bending mode of the interlayered water molecules (Yan et al., 2012; Wang Q. et al., 2015) . The absorption bands located at 1,384 and 1,091 cm −1 are attributed to the characteristic absorption peaks of carbonate ions derived from the atmospheric CO 2 , as reported previously (Liu et al., 2005; Li et al., 2013) . The band located at around 669 cm −1 in the low wavenumber regions is ascribed to the δ OH vibration (Yan et al., 2012; Wang Q. et al., 2015) .
In order to observe the evolution progress of the α-Ni(OH) 2 -MS spheres, time dependent experiments were carried out, as shown in Figure S2 . At the initial stage, some lamellas are formed and then assembled into solid construction 3D microspheres, in order to minimize surface free energy. With the extension of reaction time and the decrease of reactant concentration in the solution, due to the mass diffusion and Ostwald ripening, these lamellas on the microspheres become thinner and thinner. Then, with the further extension of reaction time, the 3D hierarchical α-Ni(OH) 2 microspheres assembled by ultrathin nanosheets are formed with regular morphologies. Based on the analysis mentioned above, a self-assembly formation mechanism of the hierarchical α-Ni(OH) 2 -MS spheres is presented in Figure 3 . There are two obvious weight loss regions in the thermal gravimetric (TG) analysis curve of the α-Ni(OH) 2 -MS, which can be observed in Figure 4A . Below 270 • C, the 13% weight loss is induced by the removal of adsorbed water and intercalated water molecules. In the temperature region of 270-400 • C, the weight loss reaches about 26%, which can be ascribed to the decomposition of Ni(OH) 2 to NiO. Here, the TG analysis further proves the presence of adsorbed and intercalated water molecules, indicating the product is α-phase Ni(OH) 2 . The result is consistent with references (Lee et al., 2011a; Tian et al., 2012; Aghazadeh et al., 2014) . XPS analysis was also performed to verify the elemental compositions and chemical valences of the sample, as shown in Figures 4B-D . In Figure 4B , the survey spectrum shows obvious peaks from the elements of Ni, O, and Cl. In the high-resolution Ni 2p spectrum (Figure 4C) , the Ni 2p 3/2 (854.7 eV) and Ni 2p 1/2 (872.6 eV) peaks, accompanied with two shakeup satellites (denoted as "Sat."), indicate the presence of Ni 2+ in the sample (Anantharaj et al., 2017; Liu et al., 2017) . As shown in Figure 4D , the O 1 s spectrum can be well-fitted using two peaks. The peak at 531.5 eV is assigned to O 1 s electrons from OH − , and the other peak at 530.1 eV represents physically adsorbed H 2 O (Anantharaj et al., 2017; Zhou et al., 2018) .
The specific surface area and pore size distribution measurements were determined by Barrett-Joyner-Halenda (BJH) analysis. Figure 5 shows N 2 adsorption/desorption isotherms and the inset gives corresponding BJH pore size distribution curves of the α-Ni(OH) 2 -MS. Obviously, the sample displays type IV N 2 adsorption/desorption isotherms with an obvious H3 type hysteresis loop at the relative pressure (P/P 0 ) range between 0.5 and 1.0, according to BrunauerDeming-Deming-Teller (BDDT) classification, which reveals its mesoporous characteristic. From the isotherms, the BrunauerEmmett-Teller (BET) specific surface area of the α-Ni(OH) 2 -MS is calculated to be 169.94 m 2 g −1 . The pore size distribution (the inset in Figure 5 ) obtained from the adsorption branch of the isotherms by the BJH method further confirms a mesopores structure within a size range of 2-20 nm centered at 3.5 nm. The large mesoporous structure is the result of interstitial space between the nanosheets. Moreover, the large value of absorbed N 2 at the range of p/p 0 0.9-1.0 implies the presence of amounts of macropores, which are derived from the interparticle distance between the Ni(OH) 2 microspheres. Such a macro/mesoporous structure is of benefit to the adsorption of electrolyte ions, accelerates the transfer of electrolyte ions, and provides more electroactive sites, thus enhances the electrochemical activity.
Many previous works indicate that the morphologies and BET surface areas play an important role in the electrochemical activity. Many efforts have been made to prepare catalysts with different morphologies and BET surface areas. In our case, the highly monodispersed α-Ni(OH) 2 microspheres assembled by ultrathin nanosheets were synthesized by a template-and surfactant-free method. Interestingly, no precipitator was used and the morphologies can be easily tuned by the ratio of alcohol and EG in the solvents. For comparison, we also synthesized another sample with only EG as the solvent, which was denoted as α-Ni(OH) 2 -EG. Figure S3 shows the XRD pattern of this product. It can also be indexed to rhombohedral α-Ni(OH) 2 . The corresponding TEM images were shown in Figure S4 , in which we can see that the products were also composed of flakes. But the thickness of the flakes were larger than that of the α-Ni(OH) 2 -MS. Figure S5 shows N 2 adsorption/desorption isotherms and corresponding BJH pore size distribution curves of the α-Ni(OH) 2 -EG. The BET specific surface area of this sample is determined to be 72.31 m 2 g −1 , which is about half of that for the α-Ni(OH) 2 -MS. The BET specific surface areas are also compared with other Ni(OH) 2 in references. Table 1 indicates that BET specific surface areas of the α-Ni(OH) 2 -MS are higher than those of the Ni(OH) 2 products.
The electrocatalytic performances of α-Ni(OH) 2 -MS and α-Ni(OH) 2 -EG toward OER were investigated in 1M KOH electrolyte by a standard three-electrode method. For comparison, bare NF was also tested under the same condition. Figure 6A shows the LSV curves at a scanning rates of 5 mV s −1 in the potential range of 0-0.8 V. The oxidation peaks around 1.37 eV (prior to onset of OER) observed for the Ni(OH) 2 -based electrodes could be ascribed to the transformation of Ni (II) to Ni (III) species (Tong et al., 2012) . At a current density of 10 mA cm 2 , the overpotential for the α-Ni(OH) 2 -MS is 320 mV, while the overpotential for the α-Ni(OH) 2 -EG and bare NF are 350 and 420 mV, respectively. In order to gain more insight into the catalytic activity, the LSV curves were also converted into Tafel plots, as shown in Figure 6B , in which the overpotential is plotted as a function of the current density logarithm. As we know, the Tafel slope is an important parameter to evaluate the evolution of OER kinetics. The Tafel slope of the α-Ni(OH) 2 -MS is 98.7 mV dec −1 , which is smaller than that of α-Ni(OH) 2 -EG (152 mV dec −1 ) and bare NF (167.3 mV dec −1 ). The smaller Tafel slope of the α-Ni(OH) 2 -MS implies the fast electron and mass transfer between the catalyst and the electrolyte during the water oxidation process. This indicates that the α-Ni(OH) 2 -MS is an efficient catalyst toward OER. To further verify the electrode kinetics, the electrochemical impedance spectroscopy (EIS) technique was carried out by using a perturbation amplitude of 5 mV in the frequency range between 0.01 Hz and 100 kHz, as shown in Figure 6C . Compared to the bare NF, the α-Ni(OH) 2 -MS and α-Ni(OH) 2 -EG exhibit a quasi-semicircle. The smaller semicircle diameter of α-Ni(OH) 2 -MS indicates this sample has a lower charge transfer resistance (R ct ), which is mainly due to the synergistic effect of the large contact areas with electrolyte and the short ion diffusion distance resulting from their unique hierarchical microstructures. In our case, the interconnected ultrathin nanosheets structure leads to the formation of a percolated conductive network, and this can facilitate charge separation. Stability is another important factor for evaluating electrocatalysts. The LSV curves of α-Ni(OH) 2 -MS before and after 2,000 cycles are shown in Figure 6D . Interestingly, the OER activity after 2,000 cycles is found to increase. Such enhanced kinetics after 2,000 cycles may be ascribed to the formation of a more active γ-NiOOH phase, and subsequently, to increased electron conductivity of the electrodes (Oliva et al., 1982; Medway et al., 2006; Bediako et al., 2013; Gao et al., 2014) . The electrochemical stability of the α-Ni(OH) 2 -MS was further characterized by the chronoamperometric (i-t) response measurement. As shown in Figure S6 , under continuous testing at a static potential (1.55 V vs. RHE), the current density increases at first and reaches a stable value, which is consistent with the LSV curves before and after 2,000 cycles mentioned above. Then, the current density remains stable after a long period of the OER tests, showing an excellent stability under alkaline conditions. In addition, we also checked the static angles of the α-Ni(OH) 2 -MS and α-Ni(OH) 2 -EG, as shown in Figures 6E,F . The static contact angle is 17 • for α-Ni(OH) 2 -MS, which is smaller than that of α-Ni(OH) 2 -EG (43 • ). Therefore, the α-Ni(OH) 2 -MS possess a much more hydrophilic surface. The better catalyst surface wettability would accelerate the electrolyte penetration, and facilitate the migration of hydroxyl groups and oxygen generation as well (Zhou et al., 2018) . Here, the α-Ni(OH) 2 -MS possesses sufficient exposed active sites and OER-favored adsorption/diffusion properties as mentioned above. What's more, the stable hierarchical structure can avoid the aggregation of the nanosheets. To our knowledge, the α-Ni(OH) 2 -MS demonstrates the better OER activity than that of most monometal hydroxide. It also outperforms many bimetal hydroxide OER catalysts, in which the synergistic effects improve their OER activity. For comparison, we listed the results in Table 2 . These results not only exhibit the superiority of the α-Ni(OH) 2 -MS, but also provide a good example and synthesis method to construct efficient OER catalysts.
CONCLUSIONS
In summary, the monodispersed α-Ni(OH) 2 microspheres assembled by ultrathin nanosheets were successfully synthesized by a facile and surfactant-free solvothermal method. The BET specific surface area of the α-Ni(OH) 2 -MS architectures reached 169.94 m 2 g −1 . The electrocatalytic performances of the sample toward OER were investigated in 1M KOH electrolyte by a standard three-electrode system. At a current density of 10 mA cm 2 , the overpotential for the α-Ni(OH) 2 -MS is 320 mV with a Tafel slope of 98.7 mV dec −1 . The EIS measurement indicates that this sample has a lower charge transfer resistance. The results indicate that the synthesized α-Ni(OH) 2 -MS possesses sufficient exposed active sites and OER-favored adsorption/diffusion properties. The unique hierarchical structure can avoid the aggregation of the nanosheets. Therefore, this work provides a meaningful approach for the synthesis of efficient OER catalysts.
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